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IT, SUMME CY 


The purpose of this thesis is to stuiiy gas flow in 


f 


the “Comprex" by apsltcation of the analogy between sas- 


@ ° 


flow tn pipes and water flow in open channels. l te as 
particularly desirable to dstermine pressure vatios in 


the various stages of the cycle. 


Por purposes of analysis, the "Comvorex" cycle vas 


divided tnto four parts--two compressions and two expan- 


sions. This thests was restricted to the study of the 
compression processes. aA compression wave in @ pive is 
analagous to a moving hydraulic jump in an open channei, 
A theoretical enalysis of the hydraulic Jump in a channel 
of triangular cross seetion was made and the equations of 
the analogy were extended to apply to this hydraulic jump. 
the equipment necessary to voermit axperimental verifi- 
cation of the theory was designed and constructed and a 
series of axperiments was conducted. 

‘uxperimental results were found to bs in good avrae= 
ment with the simple one-dimensional theory. 

Tt fa rd conbiend hd that future investigations of this 
nature be directed toward the study of axpansion waves, 
An analysis of tne expansion proeess in antijuse > Woul wi th 
the analysis of ths compression process vresentedi in this 
thasis would make possible the formulation of design crit- 


eria for the Comvrox,. 





ys 


II, INTRODUCTION 


4% 


The "Corprex" is & pressure exchanger recently in- 
Venvea ty Cl@ude Seippel for thes Erown sae Company of 
pe@en, SWitzeriend. It ig the first rotetineg mechine to 
echieve the caual function of conpressing anda expanding 
mes in the samo cvlincer iw @ melated Sequence such @aec 
the cylinder wells attain a tempereture equal to the mean 
Of the mean temperatures of the werxing f Yup ds . This 


fPevctier condition permits inccrJomeon of the "Comprex" 

in the (cae Turbine Cycle eni rssultg in increesec ef fic-— 
fency of the Gas Turbine Cycle without resorting to high 
temperature eslloys. An experimental study of the separa ge 
corpressions end exgunstons in the "Comprex" would be ex- 
Meemely cifficult. Pecause of the verge hiszh veloci ties 

EO be considered, complicetcd measuring techniques: and 
expensive equipment would te required. Professor A.H. 
eneriro of the Mechanical Enzineering Department suggested 
Pavestigating the possib{tlity of simplifying the ex- 
Berinental analysis of the cycle by @ppilcaeticon of the 
hycravlic analoyy DSetween ges Clow in pipes and water 
flow in open chennels, This sugsestion led to the pres- 
ent investigstion of the mechanics of tne hydreulic jump 


ma @n open triansular channel. 





* U.S. Fatent No. 2,399,39k dated 30 April 1916 
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Sinee the spulteation of the hydz-aulic analogy to 
ges flow in the "Comprex” prompted this investtzation, 
a short description of the cell mechanics of tne “Come 

| 
prex" is presented here. 

The "Comprex' consists esscntially of a sirmsle cell 
rotor with 4 number of fixed, shrouded'axial wails or 
vanes equally soaced around the shaft, and a housing with 
two entrance and two exit ports. “ach cell alternately 
carries fresh air to b3 compressed and hot gas to be ex- 
panded--both flowing in the same dtrection. xeferring 
to Figure af (1) low pressure fresh air onters tne com 
prex cell, the exit port being closed; (7%) a compression 
wave, traveling wtth a velocity noarly equal to tne vele 
ocity of sound, shoots through the cell toward the antrance; 
(2) when the compression wave reaches thea entrances, this 
port is closad and (4) the cell then contsins air at an 
intermediate cressurs with zero velocity; (°) the entrance 
port is then opened to high cressure gas an  # second com- 
pression wave 18 produced, so that (6) high }ressure gas, 
high pressure atr and intermediates prassure gas exist in 
the cell; (7) when the second pressurs wave reaches the 
exit port, that vort is opened and hich vressure air flows 


into the pressure space; (8) when sufficicont ht.th pressure 
————— EE a 


_:* particular gra. hie reoresentation of the call meche 
anics of the “Comprex" mist ‘be credited to rrofossor A.H, 
osnapiro of the. Bechanical “nzineering Department, 
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FIGURE I 


CELL MECHANICS 
OF THE 
COMPREX 
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ExPANSION 





o he 


fas to be exvanded mas voeoen introuuced, the entrance 
port 1s closed; (9) this middan ‘nterruption of flow 
CAUBGS an expansion wavs to Se wonbmabsl: (10) when 

this expansion wave reaches the exit vort, it is closed 
and (11) onee again the cell contents are at an inter- 
meditate pressure (not necessarily the sano pressure as 
the intermedivato pressure air) and st rests (1%) The 
exit port 18 opened to a low pressure space and another 
expansion wave is rener atad (13) which ‘shoots toward the 
entrance; (14) upon arrival of this wave at the entrance, 
its port is opened to low pressure fresh air, which dig- 


places the low pressure gas flowing out, and the cycle 


rereats. 
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TTI, FROCEDURi AND DEOCRITTION OF tQUuULFMENT 
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The ecuations for the analysis cf a hydraulic jump 

my & channel of tr#anzgulgr cross section mére deri, 

By uwwesns of these equaticn:, the lydr@ulic jump — shown 
to be snalegous to a compression weve in gas. Certain 
Pimensionless pgramsters were pictteda es functions of 

tne wacn ERumber of the entering stream. .in order to @egek 
the theory, the necessery equipment was dasigned, con- 
structed, and set up in the besement of the Steam Angingcr— 
ing Lsboretcry of the Massachusetts Institute of Technology. 
The complete setup and its detatled construction may be 
seen clearly from the atteched ;.notograrhs and drawings. 

It consists of the following rperts: 

(1) The reservoir tank was four feet square and four 
feet high. It was mace of 14 zace ine St steel and was of 
weldec consiruction threughcut) A 11/2 inch inlet pipe 
was provided at the rear. A gate glass end a 1 1/2 inch 
overflow line were located on one side near the front, 

The water level in the tank was controlled ty acjusting 
the height of overflow outlet. The throttling gate was 
locsted at the centlor of the front face of the tanks 

(2) The throttling sate consisted of a 3/8 inch steel 
plate, one foot square, mounted to slide up anc down in 
&@ waterti nt seat. The gate opening wes triangular. Tkyws 
by lifting the gete, the size of the trianeular cpening 


could be sdjusted, 
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(3) The triangular channel was tweivs feet long 
and eleven inches deep with a 60° triangular eross uy - 
tion. ‘he channel was made from 1/4 inch plexiglass: 
sheets ritted and slued together with cellulose acetates. 
The plexiglass was supported by a sheat metal framework 
throughout its length. A plexigisss wier:was mounted 
at tne discharge end of the channel to provide for con-_ 
trol of the velocity and depth of flow. 

(4) The ena gates were manufaetured from 1/4 inch 
plexiglass and were “= to fit the channel. A strip 
of 1/4 ineh by 1/4 ineh sponge rubver was glued to the 
edges of these gates to provids a watertight seal. ‘ach 
gate was mounted on a two-foot section of one t wei ‘saltha 
fren by which it could »> raised and lowered. The angle 
iron rode in a vertical guide which prevented rotary 
motion of the rate, - 

(:) The circulating pump was a 3/4 horsesower U.S. 
Ravy standard eifeene tte Pum. It —_ suction from 
the canal over which the equipment was mountsd, and sup] 
plied water to tho tank. 

(6) The weigning tank #as a cylindrical tank of 
about five cubic feet capactty. Tt was provided witn a 
aiach ree line and a quiek closinz valve. The tank was 


placed upon a scale which was available in the laboratory. 





a] = 


Thus, for each run, the time re juilred for a s:eeifie 
weigas of water to flow could ve measured, 

(7) The pitot tube yas a standard 1/4 inch pitot 
tubes by which both etatic head and static plus velocity 
head could 0¢ measured. he two outlets wers connected 
by 1/8 ineh rubber tubing to 6 1/2 millimeter glass tubes. 
These tubes were five feet in length and were alanted to 
gi¥e < magnifieation of approximately 9 to 1. ‘The tubes 
were calibrated throughout their length. 

“xperimental runs wore made as follews: 

Steady flov was sstabliahed in the channel. ‘he 
exit gate of tne channel was then closed and © wave was 
generated which moved beck toward the entrance. his 
wave can ba considerad ag a moving hydraulic jump. As 
soon as the wave passed the inlet gate, this cate was 
closed, and the channel then contained «ater at a new, 
high level at 7sr90 velocity. The following quantities 
“ware maasured: 

1. The Mach Number, M,, (defined as the ratio of the 
velocity of tne stream to the velocity of propagation of 
small gravity waves in the same streaa; for the water 
entering the channel. ) | 


Se ’ne gapth cf the water before and after the wave, 





- = 
5S. The velocity of tha wave with respect to the 
channel. (‘This velocity was measured by means of a 
stop waeich,) | 
) These experimental results were than compared with 


the tneoretical analysis. 








ihs Ppesults of the anslyeis of @ hyar@ulic Jum 
ffi am Joen triean@uler channel ams ortsentsd ae Flot oF 
poe Wario's charactertiatic raramaters vs. tons #acn Bumber 


of the water entering the c annel (3 All votmts vlotted 


bik 
mee thos? obtatned by oxpertm@nt. igure Vit te w piot of 
the ratio of the final de vth of faten. after “ine i:j@em lie 
fem? to ths total heet befoie the jump; f1iPst,; for @an oer 
Wer svetionary with raspect to the chunnel; s@cond, for an 
observer stationary with respect to the jume. iigure VITI 
ind sigurs ITA show tn. Characteristic varaéatieta.s Lor thiv 
byiraulic ‘Swap. <tpurs X shows how the einiclency of the 
Peo compressions in ssries, for 1 jiven overall combression 


ratio, will vacy as tee ratio Detwe-n tns separa * vomnres- 


Sion ratios 18 warisd. Vigure XT shows efliciency curyes 


a 


we, two corprestions'in series’ her tt conditions, rirst, 
Per egual conpression ratios; second, for eawal stream vel- 
seittes., sigire XTT shows the ch. racteristic -arameters 
fer two com-ressions in series for two coneéitions; first, 
Por @ygual compression retiog; escond, for-ejual Streem 
Velocitios, 


Pnotograsns of the hyiraulic jump and of expansion 


WAVES WOPo LaHGh tOrOU: 


= 
a 


i tne side ww.’ tut edegxizlese Colemel. 
i ! 


ths side of ths channsl aaay from tho camsers was covered 





FIGURE VII 
TOTAL HEAD RATIOS FOR STATIONARY 
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REvNn a vinele thichkness® of niain whtte vaner; two tloga 


lia@nts vere pleacea adoul cissteon invaes in back Of Tie 


— & 


., 


pmrper-covered efd-; @nt -botoses "hs Bene toren 4h ° +" ge 
tfenrea oF thrar Paet from the nuar side. ‘the sharp line 


in each photograoh ts sa trsee@ of the water surface on the 


‘N 


cnannel wall. Yhotocravhs or the hydraulic jump were also 
meaie from directly abova the cicnnel. Soth sides of the 
channel were covered with a single th’ekness of paper and 
Bis te Flood liehts lace agout sicghtesn fnehes below 

tne cnannel. In these photovraphs, the dark area in che 
GCemter of the caannesl 18 tac anrle ‘ron suppor’ @t tne Uet- 
tom of tn? cnannel. All ohotorrarhs were tahan witn a 
Jollina - 35 mm. camera using an f-4.% setting et 1/100 


Me ‘ 1 ae ? oi . wf re ee ‘ s e ¢ * -— 
O@ wm second. abuse tollewing segrics shows the nature of 


ecormrraaston and exnonsion waves fn a trtaneular chann-]l, 
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FIGURE AY 





Compression wave photcgraphec for tnree degrees 


of development showing how wave front develcps into hy- 


Graulic jump as wave trsevels along channel, 
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FIGURE XVIII 
“expansion weve Holipe se pueda rok three degrees of 
development showins hcew wave ina be attenuates as wave 


travels along channel, 
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PI CURE XA . 


Side view of compression waves in stresm with Mach 


Numbers cf 0.45, 0.72, and 2.75, respectively, 


wes. 








FIGURE AAI 





*IGURE AXIV 


Top view of compression waves in streams with Mach 


Numbers of 0.45, 0.72, and 2.75, respectively. 
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PIGURE XXV 









FIGUR* AXVI 


Top view of compression weves in streems of sut- 
critical and supercriticel flow, respectively, showing 
differences in wave length, wave shape, ana,cegree of 


curbulence, 
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¥V.e. DISCUSSTIM OF WasULES 

A stucy of the results leais to tne primary con- 
Clusion that experiment agrees very closely with the sim- 
ple one-dimensional analysis of tha hydrsulic jump in a 
bil enquie? cnannel. 

From the theoretical analysis the following unusual 
effect can be cointed out. the deptn of the water in the 
channel, after the generated wave has passed, can be groater 
than the total read of the tg streare | 1s) ab Tat, 
appears to be a violation of the Secona Law of Thermo- 
dynamics. But it must be remembersd that this is not a 
stsady-flew procsss, and the ratio or ths final depth to 
the initial total head can exceed unity. It 1s shown in 
Migure VIT that this ratio reachas a maximum of 1.25 at 
a Wach Numober of the entering stream equal to about 0.87, 

Suppose now that the observer jis moving with the vel- 
geity of the wave, The wave becomes a stationary hydraulic 
jump, ind we have steady state conditions. From a study 
of these conditions, the followin, conelusions can oe Uraewn: 
(1) Tt 1s seen from Figure VTI that the total head after 
the jumr ‘*‘s alravs less than tha total head berore the jump. 
(2) The depth ratios, velocity ratios, and total head relat of 

} 


through the jump.sre a function only of the “Mach Humber of 


the entering steam, Mo. These are plotted in Figure VTTI 





-lre 


and IX, (3) It is evident from the photographs of com- 
pression and expan sion waves that ¢xpansion waves cannot 
be bes bed as reverse nydraulic jumps. The wave shape 165 
continually changing and the analysis ap.lied to the com- 
pression wave is not applicable. 

If, after the first compression takes place, we open 
the inlet gate of the channel and ut he stationary. 
water in the channel in contact with water at a hi zine: 
head, @ wave will ba generated and will move down the 
channel toward the exit sate. “ater behind the wave will 
have a certain steoue velocity Vx, and a depth, hg, greater 
than the dercth of the water in front of the wave. This 
wave can also be considered as a moving hydraulic jump 
and is analagous to the second comprassion wave in the 
Comprex. For an observer moving with the velocity of the 
wave, 1.0., steady state conditions, the wave bocomss a 
true hydraulic jump. The analysis develoosd for the first 
compression can ve aprlied directly to this sienend com= 
pression. If the two compressions are considerei to occur 
in series, ws have what arsounts to a waiter analogue for 
the two compressions in tho Comprex.e 

' Por a. given overall compression ratio, ths results 
show that for optimum conditions, the first and second 
comoression ratios should bs equal. tn the Comprex, in 


order to eliminate the need for turning vanes and the 








~loe 


the resultinz losses and mechanical complications, it is 
desirable to design for the condition that the velocities 
of the two entering streama aro einial (V = Vi). Let us 
determine how closely the condition for veel stream vel- 
ocities approximates the optinnim condition. 

In this analysis, the ratio of final total head to 
initial total hesd for the stationary hydraulic jump is 
considered as a measure of the efficiency of the jum. 

The product of these ratios for the first and second com- 
pression may be considered a measure of the overell] effic- 
iency of the two compressions. for any given value of the 


overall compression ratio hs » this proauet(t)( Ha) 
f 2z 


t 
may be plotted ae. function of the ratio of the. first con- 
pression ratio to the second compression ratio ne, 

no, 
When the two comersssion ratios are equal, this caranmeter 
becomes unity, and the efficiency is at its maxinum value. 
Proof of this ts given in appendix "B", Plots of tha »f- 
fictency for two valuas of the overall comzression ratio 
are shown in Filsure X. This figure also shows 2 plot 


he/ 
of the parameter h. for the condition of egqual 


hs/h, ) 


stream velocities for varying values or the overslil com- 
hs 


oression oy’ » <the value of tiis parameter 





es 
-li- 


departs only slightly from unity (the optiffum condition) 
for all reasonable values of the oversll ccrpression ratio 
a . Since the efficiency curves are very flat 

in tne vicinity of the maximum value, it appears tne varia- 
tions from the optimum condition caused by edortion of 
equal streem velocities will have negligible effect. Fig- 
ure AJ is a plot of the important persmeters Tor the op- 
tirum cendition (equal corpression ratios) and for the 
conciticn of egual stream velocities. Fieuré Se! commamee 
the efficiencies for the same twe ccnditionss All tae 
above velucs sre plottea vs. the Mech Number of the enter- 
ing stream: (He) It *s seem that fier ¢ <ingen Mo a higher 
oversil compression retio is obtainec Cy using @qm@el can= 
pression ratios than ty usine equal stream velociti¢@s, 
Thie hither compreeavion rétic is c cCOmp pA by a slight- 
ly lower efficitemey, for a given id 2. 80 that the gain 
eaprarent in the figure is actually not quite as great és 
it at first seems, Ciffrerences in the performance [ 
the two conditions sre neglicibdle. 

If the Mach Rumber, velhecity and dGensdty of the 
low cressure stream entering the "“Comprex" are speci- 
ried, it is neecesssry to svecify only twWo of the cor- 
respconéing veritatles for the entering high pressure 
stream in order to fix all stetes in the complete cycle. 
keferrins to Figure I: The fluid at intermediate 
heed (step 11) must ce at such & stete tnat the low 


Créssure g@e leeving tie unit Miil have tné&” sie 


ee es 





~~ 


velocity and head as the entering low’pressure air, 
inis ts necessary to oroavent mixing and secondary wavea 
Simitarly the state of the entering hizsh level Fluid mst 
be such that it will expand to the proper iIntormediate 
State. thus the relationship oetwesn the Yach Nomber of 
the Ba prvteusa otréam and its velocity is fixed. if 
we set Vxy= Vo, say, then all states Im tne complete cycle 
are specified; but an analysis of the complete evele can- 
not ba made without knowledges of the characteristics of 
the expansion process, This points out the importance 
of further investigation of the expansion processes, 
rrsliminary calculation of experimental data showed 
very good agreement with theory. Subsequent investifration 


indicated that three corrections vuld te mada to vel- 





ocities based on flow rate: Z 


(1) The angle of "V" of the channe}j was found to be 
62.5° instead of 60° as designed. The#velocity for a 
given flow rate decreases as tho angle ineresees. 

(¢) The water in the canal in the steam laboratory 
4s Charles “iver water in which there ts usually a suf- 
ficient amount of lubricating ail to cause some vartation 


in density. The average specific gravity oF *hs samrics 


tested was .980. Although there may have been somes varia- 


tion from this figure throughout the sxperiments, this 





-iG= 


Value was usec in ths calculations, 

Je The velocity of impact of the water stream on 
the weighing tank decreased as the tank filled. This 
differential in impact velocity caysed a corresponding 
force differential on the scale. This force differential 
was sufficient to causs an error of 0.5 to 1.% pounds 
in 200 rounds. ‘ince the renge of error and percontapre 
error are small, it was Wecided to correct all flow rates 
on the basis of 1.9 pound tn 200 pounds. 

The net effect of the above three corrections is on 
the order of 2.5%, ‘Since the majority of results are 


‘ 


plottha against M, (a function of this measured velocity), 
it was deemed desirable and wna to include these 
corrections for best accuracy. 

It 4s believed that Mach Numbers moasured and cor- 
rected in the above manner are accurate within one per 
cent. Of all the quantities measured, the wave velocity 
must be considered to be the lesst accurste. os emul 
of 0.2 seconds in 6 seconis ta not wnreasonabdle, This 
corresponds to sn error of about & psr cent. All other 
msasurements aro balieved to be accurats within one ser 

; { 
cent with the single excacttion of the strtic heads of ‘the 


entering stream when "o> exceeded unity. tn the latter 


case, the pitot tubs does not indicate correctly, so 








_ i Fan 


measurements were maie by lowering: a meter stick from 
< known distance ee bottom of the channel to 

the water surface. This method of determining static 
read cannot bs considersd to be Accurate to rithin more 


than :°6 because of tie turbulent nature of the surface 


when Mo ? hh. OF 


iF, 
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THe HYDRAULIC ANALOGY 


The extension of the hydraulic anelogy to applica- 


tion to x channel with a function of cross sectional area 
& 


without proof and with the notation used in this thesis, 


n 
=yY was made by Loh (1). Some of the results of his 


nalysis are presented here for the seke of completeness, 


The basic assumptions used throughout the whole 
analysis sre: 

(a) The fluid is frictionless. 

(bd) The flew is one dimensional and is un a pipe 


or channel of uniform cross section. 


Present Notation 


e 
ea” Ge) 








Va. _Y 
a j 
| vis 
io ss 
Tf h. 
} 








at Que 


‘hus, flow of water in a triangular channel with 
a horizontal bottom i3 analogous to flow in a pipe of 
gas with k = 1.5. 

Cartain other relationshios which will preve usc- 
ful are aeveloped hers, ’ ) 

The wave vcropagation veloctfy of water tn an oven 
erannel of a canstant cross section of arbitrary shape 
with a straight horizontal bottom was derived mathe- 
matically by J. WeCowan (1h). 

A 
“ue 


4 b (G) 


~= 


woere As area of tne cross section 


oO 
id 


Lreadth of the free surface 


For a trienrmular section: 


V, = 3 . | | (75) 


The ratio, === is analagous to the Mach Number 
Bh 
of zas and will hereafter be referresa to as the Mach 


Number for water, 


_ V_ . Va 
om far & (@.) 
2 | 


The ratio of the total head after compression to 


tbe total head before compression is 








i Be = 
Ho Vo 4 h, Me + | ( v ) 


os 4 





~ ‘8 











Pee ae a 
Pe h . mi | 
If k = 1.5, 
Pr _ 
a | oe | | (22) 
. P2 
(E+) ts " = / m7 Me | 3 (12) 
4 


demices, since, 


> A 


3 
e (R) 


“4 (fe) ” 














Po, Ho (13) 
‘e@ may also write: 
Ma Vaz 
| Me = V; = Vat 
M, ha a2 (14) 
h, a, 





hence: 
diz Tz _ hr 
a Ti a 


h, tre) 


therefore: 


“! . Mik | 
Vi Vai | (5c) 











‘21. 





Sine e 
2 3 
ms [ss 
Pr 4 (33) 
thon 
Pox _ a (a Le +n] x 
Po} = roa ‘ | (19) 


trom the theoreties] analysis: 


(He) = (ie) Ed 


42 
mM, ; (me) ‘v) 
& | 
hence: 
Po 2 - { #2 3 
Pes H, (30) 


Summarizing the results of. Loh's analysis and of 


the present analysis: 


for a trisagular channel: 





= LS (f)) 
Mga s ms M water : 7 (23 
Vaz 7 Vi (17) 
Var 
Je fa (3) 
m0 











“cS 
-_ oy, - 
- Pe 








=< = ( hs \" (13) 
3 
oe: = (4+) | (20) 


“ith these equalities, the results plotted for a 
hyd@rsulic jump can be applied to a compression wave in 
gas. lor purposes of qualita&tive analysis, the present 


plots arc adequate, 


4 ! 
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THEORETICAL ANALYSIS 


» FIGURE XXVITI 





In the experimental apperatus, wster with velocity, 


V and static hesd, hy» flows througn the channel. Wen 


a 
the geste at A interrupts the flow, a hydraulic jump trav- 
Gla beck towarc the entrence with ea yelocity Va? Water 
behind this weve is at a heieht _ and velocity zero. |. 
Referring to igure I, this is analogous to the first a 
pression (steps 1 to k) in the Comprex cycle. 

Now consicer the observer ,moving, with a velocity Vg 
The wave becomes a ‘stationary hydraulic jfump.- The vel 
ocity of the water scproachings the jurp is V,2 ‘o* (ae 


The velocity of the water Following the jump is V = V . 
a 


FIGURE XXIX 


9 ? 


b 






al 











es 
“a = 


or this stegaty state condition, thea equation 


of continuity may be writtan: 


Ce AM = e@Az Vz 


Change in momentum per untt time is: 


a(mv) _  PALV." -CPAM* 
F 4 4 








foteal cressure at (1) =sMRM=z=F A; ZY 
Total pressure ab (2) = Px = PA2Z2 
7 a 
A.V. - A.V. A.2Z:7- Az2z 


(newlecoting friction at oorndsries) 


Collecting terms: 


| Af +t] = Al Mo 2 | 





¢ 


For a triangular crannél: 


A: Ch* 


inen: 


M . Az . _! 


rc 





AS 


(26 ) 


(2G } 


ats . 





SuUOsStituting in (eo, 


di 


au $ 
ch) e Gh 


u 
Dividing by ChiVM 


C h.( 


Vi 
3 


pe 
Mo), 


| (tat = 
giv) * He a (E y+ (% 


oe 
Substituting (s ) for V2 ye arrange a 
i V Ny 





Mi, = 





ei< 
' 
mm 
a 


ms 








nf BA 
C. 
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hence: 
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mA 





-£ 7- 


PLO I. XaeA 


J —Vivat —ole Vy t 


t Y : 
7 


‘eter with sero velocity is in th@® ememeel, The 





gate at the Inlet end is opened anc water st a higher 
heed than that in the cnannel enters with e velocity a - 
R hydraulic jurg ie propassatée@ down the chennel ith wel 
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This fumetion is glettéd im Figure XAXII. 


Referrimm tc Figure XXXII : 





then —<| = hs , the corresponding velues of 1 2 
H h 
and 3333 are equal and their product jis Yo S 4a itz 
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ler be 215 
hh 



































YV. 
wt, = = L669 
MM, 
Mz (hs) - 0.96/12 
h, 
Bm my} 0.939 
(4) 
Bs - (hs) ett) 0.958 
H, (th/T M 
Y tt] 
hk. O™|h, = 41.229 
° Ms 
ae" 
For pte pe ah 














For Ng . CONSTANT = 2,0 : 


ha 


- 
LET h, - o8 = F) 








a 
r 
7 
— 
Oo : 
OO 
Zt 
o~ 
M 
c 
eal 
~ 
0) 








= 








57 — 
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